Pathological angiogenesis contributes directly to profound loss of vision associated with many diseases of the eye. Recent work suggests that human tyrosyl-and tryptophanyl-tRNA synthetases (TrpRS) link protein synthesis to signal transduction pathways including angiogenesis. In this study, we show that a recombinant form of a COOH-terminal fragment of TrpRS is a potent antagonist of vascular endothelial growth factor-induced angiogenesis in a mouse model and of naturally occurring retinal angiogenesis in the neonatal mouse. The angiostatic activity is dose-dependent in both systems. The recombinant fragment is similar in size to one generated naturally by alternative splicing and can be produced by proteolysis of the full-length protein. In contrast, the full-length protein is inactive as an antagonist of angiogenesis. These results suggest that fragments of TrpRS, as naturally occurring and potentially nonimmunogenic anti-angiogenics, can be used for the treatment of neovascular eye diseases.
T he vast majority of diseases that cause catastrophic loss of vision do so as a result of abnormal angiogenesis. Agerelated macular degeneration affects 12-15 million Americans over the age of 65 and causes visual loss in 10-15% of them as a direct effect of choroidal (subretinal) neovascularization. The leading cause of visual loss for Americans under the age of 65 is diabetes mellitus. For example, 16 million individuals in the United States are diabetic, and 40,000 new patients per year suffer from ocular complications of the disease, often a result of retinal neovascularization (1) . Although significant progress has been made in identifying factors that promote and inhibit angiogenesis, no treatment is currently available to specifically inhibit ocular neovascularization.
In the normal adult, angiogenesis (defined as the growth of new blood vessels from preexisting ones) is tightly regulated and limited to wound healing, pregnancy, and menstruation. Understanding of the molecular events involved in the angiogenic process has advanced significantly since the purification of the first angiogenic molecules nearly two decades ago (2) . This process, under physiologic conditions, may be activated by specific angiogenic molecules such as basic and acidic fibroblast growth factor (3), vascular endothelial growth factor (VEGF) (4), angiogenin (5), transforming growth factor (6) , and plateletderived growth factor (7) . Angiogenesis can also be suppressed by inhibitory molecules such as IFN-␣ (8), thrombospondin-1 (9), angiostatin (10), endostatin (11) , hemopexin-like domain of matrix metalloproteinase 2 (PEX) (12) , or pigment epithelialderived factor (13) . It is the balance of these naturally occurring stimulators and inhibitors that is thought to tightly control the normally quiescent capillary vasculature (14) . When this balance is upset, as in certain disease states, capillary endothelial cells are induced to proliferate, migrate, and ultimately differentiate.
We have been investigating the angiostatic activity of fragments of tryptophanyl-tRNA synthetase (TrpRS). In addition to its conserved role in protein synthesis, recent work demonstrates that a natural alternative splice variant of TrpRS in human cells-mini TrpRS-has angiostatic activity (15) . Production of this NH 2 -terminally truncated variant is stimulated in vitro by IFN-␥ in a variety of cells, including monocytes, keratinocytes, epithelial cells, primary human fibroblasts, and bladder transitional cell carcinomas (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , and is suppressed by transforming growth factor-␤ (25) . Although both human full-length TrpRS and mini TrpRS are enzymatically active in aminoacylation, they differ in angiostatic activity. Only the shorter form, lacking an NH 2 -terminal extension unique to TrpRS from higher eukaryotes, is active as an inhibitor of VEGF-induced angiogenesis (15) . Thus, functional differentiation of human fulllength TrpRS and mini TrpRS is generated by distinct protein expression profiles and by the presence or absence of an NH 2 -terminal domain.
During earlier studies of the angiostatic activity of mini TrpRS, we found that two NH 2 -terminally truncated forms of TrpRS were produced by digestion with the extracellular protease leukocyte elastase (15) . Both proteolytic products contained the conserved core domain found in eukaryotic and prokaryotic TrpRS. The larger product, T1-TrpRS, was similar in size and angiostatic activity to mini TrpRS (15) . In this study, we investigated the angiostatic activity of T2-TrpRS, the smaller proteolytic product in which the entire NH 2 -terminal domain has been deleted. This fragment was tested in a model of VEGFinduced angiogenesis and on naturally occurring angiogenesis in the developing retina. In each system, T2-TrpRS exhibited potent, dose-dependent angiostatic activity. As a fragment of a naturally occurring gene product, T2-TrpRS would lend itself to local treatment in the eye by cell-based or gene therapy in physiologically relevant amounts. Matrigel Angiogenesis Assay. The mouse Matrigel angiogenesis assay was used to examine the angiostatic activity of T2-TrpRS (26, 27) . It was performed as described with the following modifications (27) . Athymic wehi mice were implanted with 400 l of growth factor-depleted Matrigel (Becton Dickinson) containing 20 nM VEGF. The angiostatic activity of T2-TrpRS was initially tested by including 2.5 M T2-TrpRS in the Matrigel plug. The potency was determined by including various concentrations of T2-TrpRS in the plug. On day 5, the mice were intravenously injected with the fluorescein-labeled endothelial binding lectin Griffonia (Bandeiraea) simplicifolia I, isolectin B4 (Vector Laboratories, Burlingame, CA), and the Matrigel plugs were resected. The fluorescein content of each plug was quantified by spectrophotometric analysis after grinding the plug in RIPA buffer (10 mM sodium phosphate, pH 7.4͞150 mM sodium chloride͞1% Nonidet P-40͞0.5% sodium deoxycholate͞ 0.1% SDS).
Postnatal Mouse Retinal Angiogenesis
Assay. An in vivo angiogenesis assay in the postnatal mouse (BALB͞c, The Jackson Laboratory) was used to evaluate the angiostatic activity of T2-TrpRS. This model will be discussed further below. Intravitreous injection and retina isolation was performed with a dissecting microscope (SMZ 645, Nikon). An eyelid fissure was created in postnatal day 7 (P7) mice with a fine blade to expose the globe for injection of T2-TrpRS (5 pmol) or TrpRS (5 pmol). The samples (0.5 l) were injected with a Hamilton syringe fitted with a 32-gauge needle. The injection was made between the equator and the corneal limbus; during injection the location of the needle tip was monitored by direct visualization to determine that it was in the vitreal cavity. Eyes with needle-induced lens or retinal damage were excluded from the study. After the injection, the eyelids were repositioned to close the fissure.
On postnatal day 12 (P12), animals were euthanized and eyes enucleated. After 10 min in 4% paraformaldehyde, the cornea, lens, sclera, and vitreous were excised through a limbal incision. The isolated retina was prepared for staining by soaking in methanol for 10 min on ice, followed by blocking in 50% FBS (GIBCO) with 20% normal goat serum (The Jackson Laboratory) in PBS for 1 h on ice. The blood vessels were specifically visualized by staining the retina with a rabbit anti-mouse collagen IV antibody (Chemicon) (28, 29) diluted 1:200 in blocking buffer for 18 h at 4°C. An Alexa Fluor 594-conjugated goat anti-rabbit IgG antibody (Molecular Probes, 1:200 dilution in blocking buffer) was incubated with the retina for 2 h at 4°C. The retinas were mounted with slow-fade mounting media (Molecular Probes).
Angiostatic activity was evaluated based on the degree of angiogenesis in the deep, outer retinal vascular layer (secondary layer) that forms between P8 and P12. The appearance of the inner blood vessel network (primary layer) was evaluated for normal development and signs of toxicity. None of the protein constructs used in this study produced any adverse effects on the primary layer.
Localization of T2-TrpRS Binding within the Retina. To assess the uptake and localization of T2-TrpRS injected into the retina, Alexa 488-labeled T2-TrpRS was injected into the vitreous of the eye on postnatal day 7 (P7). Globes were harvested on P8 and P12 and fixed in 4% paraformaldehyde for 15 min. The retinas were further dissected free of adherent nonretinal tissue and placed in 4% paraformaldehyde overnight at 4°C and then embedded in medium (Tissue-Tek OCT, Sakura FineTechnical) on dry ice. Cryostat sections (10 m) were rehydrated with PBS and blocked with 5% BSA, 2% normal goat serum in PBS. Blood vessels were visualized with anti-mouse collagen IV antibody as described above. Vectashield containing 4Ј-6-diamidino-2-phenylindole (DAPI) nuclear stain (Vector Laboratories) was used to mount the tissues with a coverslip.
Alternatively, unstained retina sections were incubated with 200 nM Alexa 488-labeled full-length TrpRS or Alexa 488-labeled T2 in blocking buffer overnight at 4°C. Sections were washed six times for 5 min each in PBS, followed by incubation with 1 g͞ml DAPI for 5 min for visualization of the nuclei. Preblocking with unlabeled T2-TrpRS was performed by incubating 1 M unlabeled T2-TrpRS for 8 h at 4°C before incubation with Alexa 488-labeled T2-TrpRS.
Confocal Microscopy. Retinas were examined with a multiphoton Bio-Rad MRC1024 confocal microscope. Three-dimensional vascular images were produced from a set of Z-series images by using CONFOCAL ASSISTANT (Bio-Rad).
Results

T2 TrpRS Fragment.
During earlier studies of a naturally occurring, truncated variant of TrpRS (designated mini TrpRS), we found that it exhibited angiostatic activity in vitro and in vivo. Similarly, T1-TrpRS (a truncated TrpRS produced by leukocyte elastase digestion), which is close in size to mini TrpRS, also had angiostatic activity (15) . A shorter proteolytic product, T2-TrpRS, was isolated from the leukocyte elastase digestion of human TrpRS (Fig. 1) . The NH 2 terminus of T2-TrpRS began at Ser-94 as deduced by protein sequencing. Western blot analysis indicated that the COOH terminus was intact, as it contained the His 6 -tag fused to the recombinant protein. Compared with mini TrpRS, T2-TrpRS had a larger NH 2 -terminal deletion and thus completely lacked the NH 2 -terminal appended domain unique to higher eukaryotic TrpRS (Fig. 1) . Despite the more extensive NH 2 -terminal deletion and loss of enzymatic activity, T2-TrpRS contains the Rossmann fold nucleotidebinding domain conserved throughout all prokaryotic and eukaryotic TrpRS. Whereas full-length TrpRS, mini TrpRS, and T1-TrpRS variants all retained aminoacylation activity, T2-TrpRS was inactive for aminoacylation (Fig. 1) .
Angiostatic Potency of T2-TrpRS in the Mouse Matrigel Plug Assay. We examined T2-TrpRS to determine whether it had angiostatic activity, even though it had lost aminoacylation activity. The mouse Matrigel assay was used to examine the angiostatic activity of T2-TrpRS in vivo (27) . VEGF 165 induces the development of blood vessels into the mouse Matrigel plug. When T2-TrpRS was added to the Matrigel along with VEGF 165 , angiogenesis was blocked in a dose-dependent manner, with an IC 50 of 1.7 nM (Fig. 2) .
Postnatal Mouse Retinal Angiogenesis Model. Immediately after birth (P0), retinal vasculature is virtually absent in the mouse. By 2 weeks postnatal (P14), the retina has attained an adult pattern of retinal vessels coincident with the onset of vision. Physiological neovascularization of the retina occurs during this period via a stereotypical, biphasic developmental pattern of angiogenesis. Initially, spoke-like peripapillary vessels grow radially from the central retinal artery and vein, becoming progressively interconnected by a capillary plexus that forms between them. This superficial vascular layer grows centrifugally in area, volume, and complexity as a monolayer within the nerve fiber layer during the first 9-10 days following birth. Administration of intravitreal PBS or control compounds did not prevent normal vascular development.
The second phase of retinal vessel formation begins between postnatal days 8 (P8) and 10 (P10) when sprouts from capillaries of the superficial (primary) vascular layer penetrate into the retina, where their tips branch and anastamose laterally to form a planar deep (secondary) vascular layer. Whereas the secondary layer is in place by P14, it undergoes extensive remodeling from P14 to P21. The formation of these vascular networks in the neonatal mouse is strikingly similar to the events occurring in the third trimester human fetus (30) . The reproducibility of this process and its easy accessibility in postnatal animals provide an opportunity to evaluate the angiostatic effect of putative antagonists of angiogenesis. Qualitative evaluation is accomplished by photographing the primary and secondary layers and determining the percentage of eyes in which formation of the secondary layer is completely or partially inhibited. This evaluation minimizes the bias associated with a subjective scoring system and provides an objective endpoint for comparison of various compounds.
Effects of T2-TrpRS on Retinal Angiogenesis. Endotoxin-free fulllength TrpRS, mini TrpRS (48-kDa splice variant of TrpRS), and T2-TrpRS (43-kDa cleavage product of TrpRS) were prepared as recombinant proteins. These proteins were injected intravitreally into neonatal mice on postnatal day 7 or 8, and the retinas were harvested on P12 or P13. Anti-mouse collagen IV antibody and fluorescein-conjugated secondary antibody were used to visualize the vessels in retinal whole mount preparations.
Anti-angiogenic activity was evaluated based on the effect of injected proteins on formation of the secondary vascular layer (Fig. 3) . Complete inhibition of the secondary vascular layer was observed in 8.2% (n ϭ 73) of PBS-treated eyes (Fig. 4) . In contrast, complete inhibition of the outer network was observed in 28% of mini TrpRS (5 pmol) treated eyes (n ϭ 75). The smaller T2-TrpRS variant was far more potent, with dosedependent activity; 14.3% were completely inhibited after treatment with 1 pmol of T2-TrpRS (n ϭ 14), 40% after treatment with 2.5 pmol (n ϭ 20), and 69.1% after 5 pmol (n ϭ 20). In contrast, addition of 5.0 pmol of full-length TrpRS had no effect on the development of the secondary layer.
Alexa 488-Labeled T2-TrpRS Localizes to Retinal Blood Vessels. To visualize the intraocular localization of T2-TrpRS, we examined the distribution of Alexa 488-labeled T2-TrpRS following intravitreous injection on postnatal day 7. Retinas were isolated the following day, sectioned, and examined by using confocal microscopy. The distribution of the injected protein was restricted to blood vessels. This localization was confirmed by costaining labeled T2-TrpRS-treated eyes with an Alexa 594-labeled anticollagen IV antibody (data not shown). Five days after injection of Alexa 488-labeled T2-TrpRS (on P12), the green fluorescence of the labeled T2-TrpRS was still visible (Fig. 5A) . In these retinas, no secondary vascular layer was observed at P12, indicating that the Alexa 488-labeled T2-TrpRS retained angiostatic activity comparable to unlabeled T2-TrpRS. Retinas injected on P7 with Alexa 488-labeled full-length TrpRS developed a secondary vascular layer by P12, but no vascular staining was observed (Fig. 5B) .
To further evaluate the binding properties of labeled T2-TrpRS, cross-sectioned slices of normal neonatal retinas were stained with Alexa 488-labeled T2-TrpRS. Under these conditions, Alexa 488-labeled T2-TrpRS only bound to vessels (Fig.  5C ). The binding was specific as it was blocked by preincubation with unlabeled T2-TrpRS (data not shown). No retinal staining was observed when Alexa 488-labeled full-length TrpRS was applied to the retinas (Fig. 5D) , consistent with the absence of angiostatic activity of the full-length enzyme.
Discussion
Full-length TrpRS contains a unique NH 2 -terminal domain and lacks angiostatic activity. Removing part or all of this entire domain reveals a protein with angiostatic activity. The structures responsible for angiostatic activity of T2-TrpRS seem to be contained within the core Rossmann fold nucleotide binding domain. The NH 2 -terminal domain, which can be deleted by alternative splicing or by proteolysis, may regulate the angiostatic activity of TrpRS, possibly by revealing a binding site necessary for angiostasis that is inaccessible in full-length TrpRS.
VEGF-induced angiogenesis in the mouse Matrigel model was completely inhibited by T2-TrpRS, as was physiological angiogenesis in the neonatal retina. Interestingly, the most potent anti-angiogenic effect of TrpRS fragments in vitro and in chicken chorioallantoic membrane and Matrigel models is observed in VEGF-stimulated angiogenesis. The neonatal mouse retinal angiogenesis results are consistent with a link between VEGFstimulated angiogenesis and the angiostatic effects of TrpRS fragments; retinal angiogenesis in this system may be driven by VEGF (31, 32) . In addition, the inhibition observed in the retinal model was specific for newly developing vessels; preexisting (at the time of injection) primary vascular layer vessels were unaltered by the treatment. Although the mechanism for the angiostatic activity of T2-TrpRS is not known, the specific localization of T2-TrpRS to the retinal endothelial vasculature and the selective effect of T2-TrpRS on newly developing blood vessels suggest that T2-TrpRS may function through an endothelial cell receptor expressed on proliferating or migrating cells. Further understanding of the mechanism of T2-TrpRS angiostatic activity requires identification of the relevant cell receptor.
A variety of cell types that produce, with IFN-␥ stimulation, the angiostatic mini TrpRS also produce angiostatic factors such as IP-10 (15). Thus, these results raise the possibility of a role for TrpRS in normal, physiologically relevant pathways of angiogenesis. Another ubiquitous cellular protein, pro-EMAPII (p43), has two apparently unrelated roles similar to these reported here for TrpRS. Pro-EMAPII assists protein translation by associating with the multisynthetase complex of mammalian aminoacyl tRNA synthetases (33, 34) . It is processed and secreted as EMAPII (35) (36) (37) (38) (39) (40) (41) , and a role for EMAPII as an angiostatic mediator during lung development has been suggested (42) .
Thus, T2-TrpRS might be used in physiologically relevant angiogenic remodeling observed under normal or pathological conditions. In normal angiogenesis, T2-TrpRs could be critical for establishing physiologically important avascular zones present in some organs such as the foveal avascular zone of the central retina. Pathological angiogenesis could occur if the cleavage of full-length TrpRS was inhibited, leading to an overgrowth of vessels.
In ocular diseases, neovascularization can lead to catastrophic loss of vision (43) (44) (45) . These patients may receive great benefit from therapeutic inhibition of angiogenesis. Vascular endothelial growth factor has been associated with neovascularization and macular edema in the retina (14, 46) , although it is believed that other angiogenic stimuli also have roles in retinal angiogenesis (29, 47) . In this study, we have observed an association between VEGF-stimulated angiogenesis and potent angiostatic activity of TrpRS fragments, suggesting that these molecules may be useful in the treatment of hypoxic and other proliferative retinopathies. A variety of inhibitors using different strategies have been described in the literature. These include direct inhibition of endothelial cell proliferation with TNP-470 (48), thrombospondin-1 (49), angiostatin and endostatin (11) , interruption of endothelial cell adhesion and migration with anti-␣ V ␤ 3 integrin antibody LM609 (50) , and inhibition of proteases with fragments of MMPs (12) .
Although it is difficult to directly compare the potency of T2-TrpRS to these other angiostatic agents without using the identical angiogenesis assays, we have not previously observed in any assay an anti-angiogenic agent that completely inhibits angiogenesis 70% of the time as does the T2-TrpRS (Fig. 5) . Another potential advantage of TrpRS fragments is that they represent naturally occurring and, therefore, potentially nonimmunogenic anti-angiogenics. Thus, these molecules can be delivered via targeted cell-or viral vector-based therapy. Because many patients with neovascular eye diseases have associated systemic ischemic disease, local anti-angiogenic treatment with genetically engineered cells or viral vectors placed directly into the eye is desirable. We are currently using T2-TrpRS in such approaches to develop better delivery systems to treat such diseases of the posterior segment.
